Objective: The present study was aimed at evaluating the effective radiation dose in patients submitted to PET/CT for the diagnosis of mild cognitive impairment. Materials and Methods: TLD-100 detectors inserted into an Alderson Rando ® anthropomorphic phantom were utilized to measure the absorbed dose coming from the CT imaging modality. The anthropomorphic phantoms (male and female adult versions) were submitted to the same technical protocols for patients' images acquisition. The absorbed dose resulting from the radiopharmaceutical injection was estimated by means of the model proposed by the ICRP publication 106.
in Alzheimer's disease, without other features of that disease, but the rate of conversion to Alzheimer's disease is approximately 10% to 15% per year. Alzheimer's disease is a neurodegenerative disease most frequently associated with the aging process, whose cognitive and neuropsychiatric manifestations result in progressive deficiency and eventual and eventual incapacitation (1, 2) . Between 60% and 70% of the patients presenting with MCI also present with moderate to severe hypometabolism in the association cortex. Alzheimer's patients tend to present with hypometabolism in the parietal and temporal lobes and in the posterior cingulum. For that reason, in addition to clinical investigation, positron emission tomography/computed tomography (PET/CT) with the PET is the most sensitive and specific imaging method in the detection of metabolic changes, but its spatial resolution is limited. Computed tomography (CT), therefore, is helpful in the anatomical identification of possible changes which may be found at PET/CT images.
As a PET/CT scan is performed, the patient is submitted to radiation coming from the radiopharmaceutical injection as well as to the x-ray dose originated from the CT apparatus. For that reason, when compared with other diagnostic imaging modalities, such a technique submits the patients to higher effective doses than other imaging techniques do (3) (4) (5) . Dosimetry is the quantitative study of the effects caused by ionizing radiation on a medium. The way by which ionizing radiations interact with an absorbing medium depends upon its composition and the radiation energy, therefore it is very important to know the characteristics of the incident radiation beam as well as the quantification of the energy deposited by such a beam on a given material (6) . Dosimetry may be performed on patients either directly or indirectly. When directly performed, thermoluminescent dosimeters are utilized. Such dosimeters are small crystals that have the capability of storing energy from radiation and release it under the form of light as they are heated to certain temperatures. The effective atomic number of lithium fluoride thermoluminescent dosimeters is very close to that of human tissue, so their positioning on the patient or on phantoms within the direct radiation beam does not impair the image acquisition for the energy range utilized in conventional radiodiagnosis (6) . Dosimetry studies can be indirectly performed by means of biokinetic models of radionuclide incorporation and the knowledge on the interaction of radiation with matter.
The study of absorbed and effective radiation doses on patients submitted to PET/CT for cancer diagnosis and staging is important to allow for the optimization of radiodiagnostic procedures and to assure the application of radiological protection principles. Thus, it is possible to obtain diagnostic quality images with the lowest possible patient exposure to radiation.
With the purpose of knowing the effective dose to which such patients are submitted, the present study is aimed at determining the radiation levels with each one of the modalities in the most radiosensitive organs, such as the crystalline and the thyroid gland, which may be directly exposed to radiation emitted by the CT apparatus and from the radiopharmaceutical injection.
MATERIALS AND METHODS
A Discovery 690 64-channeI PET/CT apparatus was utilized in order to determine the effective and absorbed doses resulting from CT. The following technical parameters were utilized for cerebral images acquisition: voltage = 120 kV; current = 150 mA (without modulation); slice thickness = 3.75 mm; beam thickness = 20 mm; pitch = 0.531; table velocity = 10.62 mm/rotation; exposure time per rotation = 0.5 s.
For the measurement of absorbed and effective dose from PET/CT it was necessary to ensure appropriate working conditions of the equipment, by means of application of quality control tests recommended by the manufacturer, such as x-ray tube heating and calibration and control of detectors' response homogeneity and reproducibility.
Two steps were necessary to determine the effective dose from the PET/CT scans, as follows: one to determine contribution to effective dose caused by CT and another to evaluate the contribution coming from the radiopharmaceutical activity.
The absorbed and effective dose received by the patients during CT scans were measured by means of thermoluminescent detectors (TLDs) inserted into Alderson Randon ® anthropomorphic phantoms (male and female versions). The previously selected and calibrated rod-shaped (cylindrical) dosimeters utilized in this experiment were based on lithium fluoride activated with magnesium and titanium (LiF: Mg,Ti -TLD-100), and made by Harshaw Chemical Company. The detectors calibration was performed in the energy range of interest given by the reference radiation for CT at the calibration laboratory of Centro de Desenvolvimento da Tecnologia Nuclear (CDTN) (Center for Development of Nuclear Technology), identified as RQT9, produced with a voltage of 120 kV and 8.4 mm aluminum half-value layer. Figure 1 shows the anthropomorphic phantom positioned in the gantry for the performance of the tomography procedure, where one can observe five capsules positioned in the region of the breasts, thyroid and crystalline.
The TLD-100 detectors were inserted into the Alderson Randon ® anthropomorphic phantoms at each point corresponding to the most radiosensitive organs and with greater probability of exposure due to their insertion in the irradia- tion field or proximity to it (brain, breast, thyroid, crystalline). Several points were selected for each organ based on its volume, and for each selected point, three encapsulated detectors were inserted in such a way to increase the metrological reliability of the measurements.
After preparation of the anthropomorphic phantoms, they were submitted to the same image acquisition protocol utilized with patients, and an irradiation was performed. In order to evaluate cerebral metabolic changes, the CT scan was restricted to the protocol for brain images acquisition, therefore only that region directly received the primary xray beam.
Once the absorbed dose results were obtained for each organ, the effective doses in the CT scans were calculated by means of equation 1:
where: D T represents the mean value of the results of the absorbed dose readings by the dosimeters positioned in the tissue or organ "T"; W R represents the weighting factor for the type of radiation "R" given by the ICRP 103 publication, which, for x-radiation is the unit (7) ; W T represents the weighting factor for the tissue or organ "T" given by the ICRP 103 publication (7) . In the PET modality, the injected radiopharmaceutical ( 18 F-FDG) is distributed throughout the entire body, but it has greater affinity with organs with a high glucose uptake, such as the brain and the heart, besides excretory organs such as the bladder. Therefore, the radiopharmaceutical will contribute with higher radiation levels in several organs outside of the evaluated region. In order to determine such a contribution, the model proposed by IRCP 106 (8) (9) (10) was utilized. The model proposed by the IRCP 106 publication for the radiopharmaceutical 18 F-FDG is based on scientific studies presenting biokinetic models after its intravenous radiopharmaceutical administration (11) . According to that publication, there is an initial 18 F-FDG absorption in the heart (4%), brain (8%), liver (5%), lungs (3%) and all the other tissues (80%). The retention in the mentioned organs of origin is considered as being infinite (without taking the delayed absorption into consideration). A 30% fraction of the activity in other organs or tissues is considered as being excreted by urine, with biological half-life of 12 minutes (elimination of 25%) and 1.5 hour (elimination of 75%), according to the biokinetic model for kidney-bladder. Also, according to the model proposed by IRCP 106, organs such as the crystalline and thyroid present insignificant uptake as compared with others, as such organs present low glucose metabolism.
In the PET scans for identification of MCIs, the calculation of the radioactive activity to be incorporated by the patient is based on the patient´s body mass index. A factor of 3.7 MBq/kg was utilized for each patient. The data from 59 female patients and 38 male patients submitted to this protocol were utilized. According to the model proposed by the ICRP 106, coefficients (Γ) are utilized, allowing for the calculation of the absorbed dose value (D) in the organs and the effective dose (E) as a function of radioactive activity (A) injected into the patients, injected radionuclide (in this case fluorine-18), patient's age and organ, as per equations 2 and 3:
RESULTS
The calibration coefficient for the reference radiation (RQT9) was (82.9 ± 8.3) mGy/nC. The mean effective dose originated by the PET/CT scan in the protocol for MCI diseases studies was (5.34 ± 1.99) mSv. The mean age of the patients submitted to PET/CT scans was 76 years, with a mean height of 1.57 m, weight 62.86 kg, injected activity of (295.99 ± 106.21) MBq and effective dose exclusively due to incorporation of the radiopharmaceutical of (5.22 ± 1.84) mSv, as shown on Table 1 . All uncertainties were calculated for the confidence interval of 95.45% of the data, with a coverage factor k = 2.
The values for mean absorbed dose in patients submitted to PET/CT resulting only from irradiation by the x-rays are shown on Table 2 .
The region that received the highest CT radiation level was the crystalline, which received (25.53 ± 5.12) mGy and (24.91 ± 4.98) mGy for the right and left sides, respectively, being therefore, the most irradiated tissue or organ in this type of image acquisition protocol.
The values for mean absorbed dose in patients submitted to PET/CT resulting from the incorporation of 18 F-FDG are presented on Table 3 . For an organ such as the brain, the absorbed dose was (11.25 ± 4.04) mGy and for the thyroid it was (2.96 ± 1.06) mGy. 
DISCUSSION
It was possible to observe the low level of radiation in the thyroid, as the dose to this organ comes mostly from the incorporation of 18 F-FDG and it is outside the irradiation field during CT image acquisition. The crystalline is a radiosensitive organ, receiving irradiation only from CT, as such organ does not significantly uptake 18 F-FDG . On the other hand, the brain and the heart are organs with high blood irrigation, with increased 18 F-FDG uptake and, consequently with a significant increase in the absorbed dose in such organs.
In the breasts, the absorbed dose originated from cranial CT could not be statistically distinguished, as it is at the background radiation level, demonstrating that the positioning of detectors in organs even more distant from the primary radiation beam is not necessary for the presently utilized image acquisition protocol.
The bladder is the organ that undergoes the greatest energy deposition for the PET/CT scans, as the urinary tract is the 18 F-FDG excretion pathway and the radiopharmaceutical remains in that organ for an extended period of time. Such a fact explains the high radiation dose in such organ, representing, approximately, in relative terms, averagely 25% of the whole-body absorbed dose. The remaining organs received very similar radiation levels, representing, on average, 3% of the whole-body absorbed dose per evaluated organ.
The lack of dosimetry studies approaching brain PET/ CT scans does not allow for good results comparison, but, for some specific scans it is possible to obtain a relation between results (12) (13) (14) (15) (16) (17) (18) .
Khamwan et al. have demonstrated that for 35
Thai patients submitted to whole-body PET/CT scans for cancer, the mean effective dose was 18.85 mSv calculated by computational methods (17) . Huang et al., evaluating the risk for cancer induction in the US and Hong Kong populations, have estimated the whole-body radiation dose originated from 18 F-FDG and from CT scans. They determined that the doses, upon utilization of three different protocols (A, B, and C) were, respectively 13.45, 24.79 and 31.91 mSv for female patients and 13.65, 24.80 and 32.18 mSv for male patients (12) . Such results demonstrate that the radiation levels, exclusively for brain scans, submit the patients to much lower radiation levels than effective doses delivered by whole-body scans, as expected.
Pina et al. have evaluated the distribution of absorbed doses in organs, in three CT apparatuses, with cranial protocols, utilizing TLD-100 dosimeters inserted into an Alderson Rando ® anthropomorphic phantom. Mean absorbed dose was 16 mGy for the crystalline, and 0.5 mGy for the thyroid, representing differences of respectively 52% and 50% as compared with data obtained in the present study (19) . The radiation level in patients submitted to PET/CT scan in the diagnosis of MCIs is approximately 98% originated from the radiopharmaceutical incorporation, which demonstrates the importance of the injection of the radioactive element in the quantity that allows for an accurate diagnosis. Therefore, a study aimed at optimizing the activity injected into patients might be extremely efficient in the reduction of doses delivered to patients.
CONCLUSION
Optimized protocols for the calculation of the radioactive activity that will be injected into each patient may contribute to the reduction of the effective dose during diagnosis by PET/CT. The utilization of individualized calculation of the radiopharmaceutical is also a primary factor for the reduction of the effective dose.
The knowledge about PET/CT equipment resources, awareness and training of professionals with respect to radiological protection of patients may directly affect the choice of protocols, and consequently, the dose to be delivered to such patients.
